INTRODUCTION
The essentiality of copper for poultry and livestock is well documented (Davis and Mertz, 1987) . Knowledge of biological availability of supplemental copper sources is critical in selection of a source for use in production. Spears et al. (1997) reported that the copper in tribasic copper chloride (Cu 2 [OH] 3 Cl; TBCC) is more available to steers than that of copper sulfate when supplemented to diets high in the copper antagonists, molybdenum and sulfur. Studies with chicks have indicated that the copper in TBCC is as available and as safe as that in feed grade To whom correspondence should be addressed: wlysz@263.net. 3 Current address: Department of Animal Science, Anhui Agricultural University, Hefei, P.R. China.
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over nonzero dietary levels of log 10 transformed liver copper concentration on added copper intake resulted in a slope ratio estimate of 109.0 ± 3.4% (with a 95% confidence interval from 102.2 to 115.8) for bioavailability of copper from TBCC compared with 100 for that in copper sulfate. When the feeds were stored at room temperature for 10 or 21 d, the vitamin E content in the feed fortified with 300 mg/kg copper as TBCC was higher (P < 0.01) than that in the feed added with 300 mg/kg copper as CuSO 4 .
The vitamin E contents in liver and plasma of broilers given TBCC were also higher (P < 0.01) than those of birds fed copper sulfate. The results from this study indicate that TBCC is a safer product and more available to broilers than copper sulfate, and it is chemically less active than copper sulfate in promoting the oxidation of vitamin E in feed.
copper sulfate (Miles et al., 1998; Hooge et al., 2000a) ; however, more studies are needed to evaluate the relative bioavailability of copper in TBCC for broilers. Miles et al. (1998) reported that the oxidation in TBCC diets is lower than that in diets fortified with copper sulfate according to the peroxide value and anisidine value in diets. Because less than 1% of the copper in TBCC is soluble in water (Miles et al., 1998) and this copper source has low hygroscopicity (0.43% weight gain in 24 h at 90% humidity vs. 4.6% weight gain for copper sulfate) and very low chemical reactivity (−25 mV when 1 g is suspended in 40 mL of isopropanol vs. 130 mV for copper sulfate; F. A. Steward, 2003, Micronutrients, Indianapolis, IN, personal communication) , TBCC should be less active in catalyzing the destruction of certain vitamins and other organic compounds when concentrated in base mixes or when included in supplements and diets (Cromwell et al., 1998) . Hooge et al. (2000b) demonstrated that the antimicrobial action of copper tends to conserve vitamin E in feed, and they observed that crumbled feeds have proAbbreviation Key: TBCC = tribasic copper chloride. gressively more vitamin E as copper levels increases from copper sulfate and TBCC. They also reported that vitamin E is greater in TBCC diets than in copper sulfate diets at the same copper levels. However, more experiments are needed to investigate the effect of TBCC on oxidation stability of labile organic compounds, such as vitamin E, in mixed diets of poultry.
The following study was conducted to investigate the relative bioavailability of copper from TBCC using liver copper concentration following high dietary addition of copper, the effect of TBCC on oxidation stability of vitamin E in feed, and the biological safety of this copper source for broilers.
MATERIALS AND METHODS

Experimental Design and Treatments
A completely randomized design involving a 2 × 4 factorial arrangement of treatments was used in this study. The supplemental copper sources were TBCC and reagent-grade copper sulfate (CuSO 4 ؒ5H 2 O). The copper sources were added to the basal diet at 0, 150, 300, and 450 mg/kg copper and confirmed by analysis. Because treatments with no additions of both copper sources shared the same basal diet, there were a total of 7 treatments in this experiment.
Birds and Diets
A total of 420, 1-d-old, Arbor Acres commercial male chicks were used in the 21-d experiment. Broilers were randomly allotted by weight to 1 of 7 treatments for 6 replicate cages of 10 birds each. Birds were housed in batteries with stainless-steel feeders, waterers, and gates and were maintained on a 24-h constant light schedule. Feed and water were available ad libitum.
The basal corn-soybean diet (Table 1) containing 11.45 mg/kg copper by analysis was formulated to meet the requirements of starting chicks (National Research Council, 1994) . The content of vitamin E in the premix 4 was 64 IU/kg, and the content of supplemental vitamin E in feed was 16 IU/kg. The vitamin E ingredient 5 in the premix was not protected.
Sample Collections and Analysis
Feed samples were taken from all treatments, and submitted for analysis of copper prior to the initiation of the trial to confirm copper contents in the diets. In addition, feed samples were taken from the basal diet for vitamin E analysis prior to the initiation of the trial, and the vitamin E content in the basal diet was assumed to be the initial value in diets of all treatments. On d 10 and 21 of this experiment, feed samples were taken from the treatments of 300 mg/kg copper as 2 sources for vitamin E analysis.
Feed intake and body weight per cage were recorded and corrected for mortality at the end of every week. At the end of the experiment, chicks were individually weighed, and 4 birds whose final body weights were closest to the average body weight of the chicks in their respective cage were chosen.
Blood samples were taken from each bird via cardiac puncture and then centrifuged to harvest plasma samples for vitamin E analysis. Liver samples were collected for vitamin E and copper analyses after the 4 chicks were killed by cervical dislocation. Plasma and liver samples were frozen individually in tubes or plastic bags for analysis. Four samples of plasma or livers of the birds from each replicate cage were pooled in equal ratios into one sample before analysis.
The contents of vitamin E in feed (10 replicate assays) and plasma (triplicate assays) were determined using the colorimetric method of a vitamin E detection kit. 6 Liver vitamin E (triplicate assays) was determined as described for plasma vitamin E (vitamin E detection kit 6 ) by homogenizing 0.4 g of liver tissue in 3.6 mL (wt/vol) of cold saline (0.9%, wt/vol) and then extracting it with heptane. Copper concentrations in feeds, livers, and copper sources were measured by inductively coupled argon plasma emission spectroscopy. 7 Approximately 0.5 g of each feed sample, 0.4 g of each liver sample, and 0.2 g of each copper source were weighed in triplicate and di- Means with different superscripts within a column differ (P < 0.05).
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Each value represents the mean of 6 replicate cages each treatment.
gested with 10 mL of HNO 3 and 0.4 mL of HClO 4 at 200°C in a 50-mL calibrated flask until the solutions were cleared. And then they were evaporated to almost dryness and diluted 1:20 (feed samples), 1:25 (liver samples), and 1:30,000 (copper sources) with 2% HNO 3 before analyses. Copper contents in feeds supplemented with 450 mg/kg copper as copper sulfate or TBCC were analyzed in 10 replicates, and variation coefficients of analyzed values were calculated to compare the uniformity degree of copper mixing in feeds between 2 sources. Validations of the mineral analysis were conducted using bovine liver powder 8 as a standard reference.
Statistical Analysis
Data of vitamin E contents in feed at the 10th or 21st day were analyzed by t-test of SAS software (1989); other data were analyzed by least squares analysis of variance using the GLM procedure of SAS. The model included the main effects of copper source and dietary copper concentration and their interaction. Cage was used as the experimental unit. Liver copper concentrations exhibited variance heterogeneity and were subjected to log 10 transformation prior to analysis.
Multiple linear regression equations were calculated by least squares using the GLM procedure of SAS. Relative bioavailability values were determined using copper sulfate as the standard source by slope ratio comparisons from multiple linear regressions (Littell et al., 1997) .
Results of previous studies with copper in chicks (Ledoux et al., 1991) have indicated that liver copper uptake could not be assumed to be linear down to the zero added copper level. Therefore, linear regressions were fitted 8 National Institute of Standards and Technology, Beijing, China.
over the nonzero levels (150, 300, and 450 mg/kg added copper) within each source. Feed intake differed for the dietary treatments so that copper intake rather than dietary added copper concentration was used as the independent variable for regression analysis. The log 10 transformed liver copper concentration was regressed on added copper intake (average daily feed intake times added dietary copper concentration), calculated total copper intake (average daily feed intake times calculated total dietary copper concentration), and analyzed total copper intake (average daily feed intake times analyzed dietary copper concentration).
RESULTS AND DISCUSSION
Copper Contents of Sources and Uniformity of Copper Mixing in Feeds
Analyzed copper concentrations were 25.4 and 56.7% for CuSO 4 ؒ5H 2 O and TBCC, respectively. When 450 mg of copper/kg was added, the variation coefficients of the copper concentrations in the feeds supplemented with copper sulfate or TBCC were 3.52 and 2.16, respectively, indicating that TBCC was advantageous for better mixing quality in feeds. This result was attributable to the smaller particles and better flow characteristic of TBCC than those of copper sulfate.
Growth Performance of Broilers
Copper source and added copper level affected (P < 0.01) average daily feed intake and average daily gain, and an interaction between copper source and level also affected (P < 0.05) average daily gain (Table 2) . Chicks fed 450 mg/kg copper as copper sulfate had lower (P < 0.01) average daily feed intake than those consuming other diets (Table 2 ). The average daily feed intake of chicks consuming TBCC at all dietary concentrations was similar (P > 0.10) to that of chicks fed the basal diet. The average daily gain of chicks fed 450 mg/kg copper as copper sulfate was also lower (P < 0.01) than that of chicks fed other diets ( Table 2 ). The average daily gain of birds fed all TBCC diets did not differ (P > 0.10) from that of those fed the basal diet. Copper source, added copper level, or an interaction between copper source and level did not affect (P > 0.05) feed per gain during the 21-d experimental period (Table 2) . Miles et al. (1998) reported that body weight and feed conversion did not differ in birds fed up to 400 mg/kg copper from copper sulfate or TBCC. Copper sulfate at 450 mg/kg added copper has been reported to decrease feed intake of chicks (Ledoux et al., 1991; Miles et al., 1998) , which was not the case with TBCC (Miles et al., 1998) . The above findings are in agreement with results obtained in the present study.
Copper Concentrations in Liver and Bioavailability of Copper as TBCC
Copper source, added copper level, or an interaction between copper source and level affected (P < 0.0001) liver copper (Table 3) . Feeding supplemental copper increased (P < 0.0001) liver copper concentrations in chicks regardless of the copper source (Table 3) .
Regression equations of log 10 transformed liver copper concentration on copper intake over the nonzero addition levels are presented in Table 4 . The excellent fit to the linear model (P < 0.0001) rendered the relative bioavailability estimates for TBCC compared with 100% for reagent grade copper sulfate reliable. The slopes of regressions of log 10 liver copper on different independent variables used in regressions differed (P < 0.05) between the 2 copper sources. Linear regression over nonzero dietary levels of log 10 transformed liver copper concentration on added copper intake, calculated total copper intake, and analyzed total copper intake resulted in the slope ratio estimate of 109.0 ± 3.4%, 108.4 ± 3.3% and 106.9 ± 3.4%, respectively, for bioavailability of copper from TBCC compared with 100 for that in copper sulfate. In commercial operations, this improved utilization of copper from TBCC should allow for lower feeding levels of copper and, thus, may reduce the risk of environmental contamination. Miles et al. (1998) obtained a value of 106% for TBCC relative to 100% for copper sulfate based on the liver copper concentration of chicks consuming diets that contained from 150 to 450 mg/kg supplemental copper. The slopes of regression of log 10 liver copper on dietary copper intake did not differ between sources in their study. Different strains of chicks (Ross) were used in their study from Arbor Acres chicks used in ours. Breed differences with regard to copper metabolism and storage have been noted in chicks (Guo et al., 2001) , sheep (Woolliams et al., 1983) , and cattle . This phenomenon emphasizes the statement by Fairweather-Tait (1987) that bioavailability is not an inherent characteristic of a particular source of an element but rather an experimentally determined value that is related to absorption and utiliza- Means with different superscripts within a column differ (P < 0.05).
1 Each equation represents 6 cages with 10 chicks per cage.
2 RBV = relative bioavailability; it is the slope ratio.
tion under conditions of the test. In other words, bioavailability is not independent of the test animal.
Oxidation Stability of Vitamin E
Tribasic copper chloride possesses several chemical characteristics that make it desirable as a copper source in production, such as small particle size, excellent flow, and low water solubility (Miles et al., 1998) . Previous research (Hooge et al., 2000b) has shown a reduction in vitamin degradation in mixed feed when TBCC rather than copper sulfate was included as the copper supplement.
During storage, vitamin E contents in feeds decreased with time regardless of copper sources (Table 5) . However, vitamin E contents in feed fortified with 300 mg/ kg copper as TBCC were always higher (P < 0.01) than those in the feed added with 300 mg/kg copper as copper sulfate. When the feeds were stored at room temperature for 10 and 21 d, vitamin E contents in the feed supplemented with copper sulfate decreased by 22.6 and 40.2%, respectively, whereas vitamin E contents in the feed fortified with TBCC decreased by 13.8 and 18.2%, respectively, in comparison with the value at the beginning of this experiment. Therefore, the loss percentages of vitamin E contents in the feed fortified with TBCC at d 10 and 21 were 8.8 and 22.0% less than those in the feed added with CuSO 4 , respectively. Obviously, TBCC was less active than copper sulfate in promoting the oxidation of vitamin E in feeds. This observation is consistent with the results of previous research (Hooge et al., 2000b) . Hooge et al. (2000b) also reported that serum and liver vitamin E of chicks mirrors the trends in the feed sample. Each value represents the mean ± SE of 10 replicate samples.
Copper source, added copper level, or an interaction between copper source and level affected (P < 0.0001) liver vitamin E contents (Table 3) . Liver vitamin E contents of broilers fed 150, 300, and 450 mg/kg copper as TBCC were 22.1% (P < 0.01), 4.08% (P > 0.10), and 46.5% (P < 0.0001) higher than those of the chicks consuming the same levels of copper as copper sulfate, respectively.
Liver vitamin E contents of broilers in the treatment of 450 mg/kg copper as TBCC were the highest (P < 0.01) among all groups (Table 3) . Copper source or an interaction between copper source and level affected (P < 0.0001) plasma vitamin E contents (Table 3) . Plasma vitamin E contents of broilers in the treatments of 150, 300, and 450 mg/kg copper as TBCC were 26.0, 18.7, and 15.2% higher, respectively, (P < 0.01) than those of the chicks consuming the same level of copper as copper sulfate. The results of vitamin E contents in plasma and liver further confirmed that prooxidant activity of TBCC was significantly lower than that of copper sulfate.
Product Safety
One of the objectives of the present study was to evaluate the safety of TBCC by comparing its effect to copper sulfate when supplying the same dietary concentration of copper. As shown in Table 2 , feed intake and average daily gain remained unaffected when as much as 450 mg/kg supplemental copper was fed in the form of TBCC. There was a decrease, however, in both feed intake and average daily gain when similar supplemental levels of copper were provided as copper sulfate. The lack of a detrimental effect on feed intake may indicate that TBCC is less toxic for chicks than copper sulfate.
Overall mortality was 0.7% for the 21-d study, which was within the expected loss for birds up to 3 wk of age (Ensminger, 1980) . Two losses occurred in chicks fed on TBCC diets (Table 2 ), but this was not considered related to dietary treatment. Also, one chick died with 150 mg/ kg supplemental copper from the copper sulfate, whereas only one chick died with 450 mg/kg copper from TBCC. This result would not be the expected trend if TBCC was adversely affecting liveability. Thus, it appears that TBCC can be used by the feed industry as a source of supplemental copper.
The results from this experiment indicate that TBCC is a safer product and more available to broilers than copper sulfate, and it is chemically less active than copper sulfate in promoting the oxidation of vitamin E in feed.
